One of the defining elements of jazz is the ability to improvise. The neuroscience of jazz improvisation has shown promising results for understanding domain-specific and domaingeneral processes of creativity. However, until date no previous studies have examined how different modes of improvisation (musical creativity) evolve over time and which cognitive mechanisms are responsible for different stages of musical creation. Here, we used fMRI to measure for the first time the dynamic neural substrates of musical creativity in 16 skilled jazz pianists while they improvised freely (iFreely), and by melody (iMelody), and contrasted with resting-state. We used the leading eigenvector dynamics analysis (LEiDA) to explore the whole-brain dynamics underlying spontaneous musical creation. Our results reveal a substate comprising areas of the dorsal default mode (DMN), the left executive control (ECN), the anterior salience, language and precuneus networks with significantly higher probability of occurrence in iFreely than in iMelody. In addition, iFreely is also linked to an increased prevalence and dynamic attachment to this substate and to a "global" substate. Such indicates that a more free mode of improvisation (iFreely) requires an increased dynamic convergence to networks comprising brain areas involved in processes linked to creativity (generation, evaluation, prediction, and syntactic processing). iMelody, a more constrained mode of improvisation involves a higher recurrence of brain regions involved in auditory and reward processes. This study brings new insights into the large-scale brain mechanisms supporting and promoting the complex process of creativity, specifically in the context of music improvisation in jazz.
Introduction
"Jazz is not just music, it´s a way of life, it´s a way of being, a way of thinking." -Nina Simone Listening to jazz musicians improvise is a spellbinding experience. Jazz musicians are able to spontaneously generate novel pieces of music in a short time frame, creating musical pieces which are both aesthetically and emotionally rewarding 1 . They must balance several simultaneous processes, involving generating and evaluating melodic and rhythmic sequences, coordinating their own performance with fellow musicians, and executing fine motor movements, all in real-time 2, 3 . Jazz musicians have been found to show greater openness to experience and higher divergent thinking on personality assessments, even when compared to musicians who don't practice jazz 4 . This phenomenal feat of human improvisation and creativity has been of great interest to neuroscientists who wish to understand the dynamics of the improvising brain, and more specifically the brain dynamics underlying the creative process.
Creativity is often defined as "the act of creating something new and useful" 5 , but novelty or unpredictability may not be enough. Boden comments instead on how "constraints and unpredictability, familiarity and surprise, are somehow combined in original thinking." This distinction is important as creative music must also be aesthetically congruent with the physical constraints of the known musical range -it cannot be simply unpredictable or completely surprising. Martindale 6, 7 posited that individual differences in the breadth or narrowness of the internal attentional selection of conceptual representations may also relate to creativity. For instance, a broad focus upon conceptual concepts would activate more remote 'nodes' in memory. This is important as it suggests that the most creative are those who can access associative mnemonic content in a broader way, thereby widening the constraints attached to their musical production and allowing for more unpredictable and surprising content, while the content is still familiar by its association. Therefore, predictive, or top-down processing using mnemonic content to inform future outcomes is a key process in creativity. One study that has shown assent for this suggestion asked participants to divergently generate ideas for uses of a brick. If the participants had been primed with a visual task to focus perceptual attention broadly, they generated more original uses 8 .
Creativity can be measured by convergent and divergent thinking tasks. Convergent thinking consists of a single solution to a given problem, whereas divergent thinking is the generation of several different ideas to solve a given problem 9, 10 . It can be observed in numerous domains, such as in science, engineering, education and art 9, 11 . The neural signatures underlying creative thought have been investigated using diverse tasks such as drawing, musical improvisation, and idea generation or 'divergent thinking'. Overall, the majority of the studies have used divergent thinking and creative problem solving, and only a few studies (7.6%) have used musically creative tasks to assess creative thought more generally 12, 13 . The neuroscience of jazz improvisation has thus far shown promising results for understanding not only domain-specific creative thought, but also domain-general processes of creativity [1] [2] [3] 14, 15 . Jazz improvisation is well-suited for studying creativity due to its reliance upon known neural and cognitive processes, and it is thus useful for understanding domain-general processes such as motor control, syntactic processing and creativity.
Interestingly, studies of creativity in domains such as divergent thinking (a domain-general creative process) and musical improvisation (domain-specific), using different experimental tasks have still reported similar patterns of brain activity and connectivity underlying the creative process. There is a consensus about the involvement of prefrontal brain regions, such as the pre-supplementary motor area (pre-SMA), medial prefrontal cortex (mPFC), inferior frontal gyrus (IFG), dorsolateral PFC (dlPFC), and the dorsal premotor cortex (dPMC) in creative thought 2, 16 . Other brain regions which are also found to be involved in creative thought have been associated with different cognitive processes, such as attention and executive control, motor sequence generation, voluntary selection, sensorimotor integration, multimodal sensation, emotional processing and interpersonal communication 15, 17, 18 .
The brain is an organ of inference, which actively constructs explanations for the future and external stimuli beyond its sensory epithelia 19 . This is often referred to as predictive coding, which has become a dominant model in cognitive neuroscience 20 . Within the predictive coding framework, there are predictions of the incoming perceptual content (known as firstorder predictions), and predictions of the precision (i.e., confidence or certainty) that are ascribed to first-order predictions (known as second-order predictions) 21 . When jazz musicians improvise, they engage in both types of prediction -they need to predict the incoming musical features, such as the subsequent melody or harmony, but also need to make a prediction about that prediction (i.e. how likely is that tone). A high precision (otherwise known as low entropy or low uncertainty) means that the musical feature is generally predictable.
In jazz musicians who improvise and create new musical sequences, the typical predictive coding model may be somewhat different, and the repertoire of predictions may be greater.
According to the free energy principle 20 , in standard perceptual processes, predictions with low precision are typically ignored as we expect them to be unreliable. Here, however, jazz musicians may be relying upon predicting what is unpredictable in order to create new melodies or harmonies. The jazz musician will be drawing significantly upon long-term memory of musical syntax and the likelihood of both regularity and irregularity.
Improvisation also relies heavily upon the element of surprise or musical prediction errors, which are known to paradoxically generate a pleasure response in listeners due to the resolution of uncertainty 21 . However, the improvised musical piece is at the same time constrained by certain factors such as aesthetic and emotional congruence. As Boden's 22 conceptualisation of creativity denotes, this is a delicate balance between unpredictability and constraints, familiarity and surprise, to reach an original product.
Another important issue are the strategies that jazz musicians use for improvisation. The most common strategy is to improvise freely but according to a chord scheme belonging to the specific tune they are playing 16 . Here, jazz musicians use their skills and practiced melodic and harmonic material as building blocks with the aim of creating musical lines that are novel and engaging 23, 24 . Consequently, this approach may entail brain processes similar to the ones underlying divergent thinking 2 . Another, often used strategy is to use the melody as starting point for the improvisation 24 . Here the outcome usually becomes less complex, and more 'hummable' and may as such be more related to emotional processing which is known to be associated with the perception of songs. Many jazz musicians who are proficiently using this approach are known to accompanying their instrumental improvisation with vocalization (such as Keith Jarrett) 25 . Since this approach involves a goal-oriented task it may be closer related to convergent thinking than free improvisation.
Previous studies have shown that creativity is a result of a dynamic interplay between different brain networks 2, 26, 27 , however none have yet explored the brain functional dynamics of spontaneous musical creativity through jazz improvisation. Here we propose to explore, for the first time, the whole-brain dynamics underlying spontaneous musical creation in jazz pianists, using the Leading Eigenvector Dynamics Analysis (LEiDA) [28] [29] [30] [31] . LEiDA captures the instantaneous BOLD phase signal and uses leading eigenvector decomposition to find the recurrent functional connectivity patterns (or brain substates). In this study, we quantified the differences in terms of probability of occurrence and switching probabilities, using two complementary tasks during fMRI (two different modes of musical improvisation: one constrained by melody and one by freely), and we also measured the resting state during the same MRI session (rs-fMRI) as a baseline.
We hypothesised that given how musical creativity is a rich and complex dynamic process, we would find corresponding signatures of brain dynamics (recurrent FC metastable substates) that are significantly altered when compared to a baseline condition (resting state).
We further hypothesised that different connectivity patterns would be associated with the process of music creation in different stages -idea generation, revision and evaluationduring improvisation, and that these connectivity patterns would be different when improvising freely (iFreely), which has a higher level of freedom, than when improvising constrained by the melody (iMelody).
Material and methods

Participants
The total sample consisted of 24 right-handed male musicians with normal hearing and no history of neurological disease. Eight participants were excluded from the analyses: 2 found out that they were claustrophobes and 6 were excluded due to excessive head movement. Our final sample resulted in 16 participants (mean 28.0 ± 8.71 SD). All participants were proficient in jazz piano playing (with at least 5 years of experience), and they declared to practice on average 1.9 ± 0.9 SD hours per day, and 22 ± 7.7 days of practicing per month.
All participants gave written consent to participate in the study. The study was approved by the local ethics committee and it was undertaken in accordance with the Helsinki declaration. 
Stimuli and procedure
We acquired functional MRI while participants were playing on an MRI compatible keyboard in four different conditions in a pre-defined randomized order, while listening to the chords of the jazz standard "The days of wine and roses" (DWR). Participants were asked to a) play the melody of DWR by memory (Memory); b) play from a score sheet (Read) which was a alternative melody composed specifically for this experiment on the chord scheme of DWR; c) improvise on the melody (iMelody), i.e. play melodically as if they were to create a new melody for the chord scheme of DWR and; d) improvise freely on the chord scheme for DWR (iFreely). Each condition lasted 45 seconds, and participants had to play it 8 times. In total each participant played 24 minutes (6 minutes for each condition) ( Figure 1-A) . For the sake of clarity we will here only analyse the improvisation conditions compared to baseline (resting state), whereas the results from conditions a) and b) will be reported elsewhere.
To ensure no image artifacts, we used a custom-made MR-compatible fiber optic piano keyboard 32 . The keyboard, consisting of 25 full size keys, covered two full octaves, and its lightweight and slim design allowed it to be positioned on the participants' laps, such that all keys could be reached by moving only the forearm. Participants were instructed to only play with their right hand. Output from the keyboard was interpreted into a MIDI signal by a microcontroller outside of the scanner room. Piano sounds were generated by a Roland JV-1010 hardware synthesizer based on this MIDI signal. The piano sound from the synthesizer was subsequently mixed together with a backing track, and delivered to the participants through OptoACTIVE noise cancelling headphones.
The instructions for each condition were controlled by a PsychoPy 33 script on a laptop computer. A MR compatible screen was used to project the instructions and participants viewed it using a mirror that was attached to the head coil. Participants were instructed about the conditions before going inside of the scanner, and they were allow to play 2 times the score sheet outside the scanner, to make sure they would understand that they needed to read from a score inside the MR scanner. Inside the scanner participants received the information about which condition they should play through the screen.
Image acquisition and processing
All participants underwent the same imaging protocol using a 32-channel head coil in a Siemens 3 T Trim Trio magnetic resonance scanner located at Aarhus University Hospital, Denmark. Whole-brain T1-weigthed and task-based fMRI images were acquired for each participant.
Anatomical scan acquisition
The 3D T1-weigthed sequence was performed with the following parameters: sagittal orientation; 256 x 256 reconstructed matrix; 176 slices; slice thickness of 1 mm; echo time (TE) of 3.7 ms; repetition time (TR) of 2420 ms; flip-angle (α) of 9.
fMRI Acquisition
A multi-echo EPI-sequence was acquired with a total of 371 volumes and with the following parameters: voxel size of 252 x 252 x 250 mm; 54 slices; slice thickness of 2.50 mm; multiecho time: TE1= 12 ms, TE2= 27.52 ms, TE3= 43.04 ms, TE4= 58.56 ms; repetition time (TR) of 1460 ms; flip-angle (α) of 71. Only the second echo was used in our analysis.
fMRI Processing
The fMRI data was processed using MELODIC (Multivariate Exploratory Linear Decomposition into Independent Components) 34 part of FSL (FMRIB´s Software Library, www.fmri.ox.ac.uk/fsl). The default parameters of this imaging pre-processing pipeline were used for all the 16 participants: motion correction using MCFLIRT 35 ; non-brain removal using BET 36 ; spatial smoothing using a Gaussian kernel of FWHM 5 mm; grand-mean intensity normalization of the entire 4D dataset by a single multiplicative factor and high pass temporal filtering (Gaussian-weighted least-squares straight line fitting with sigma = 50 seconds). FSL tools were used to extract and average the time courses from all voxels within each cluster in the AAL-90 atlas 37 .
Dynamic Functional Connectivity Analysis
We applied a recent method to capture patterns of functional connectivity from fMRI data at single TR resolution with reduced dimensionality, the Leading Eigenvector Dynamics Analysis (LEiDA). On a first stage, the BOLD signals in the N=90 brain areas were bandpass filtered between 0.02 Hz and 0.1 Hz and subsequently the phase of the filtered BOLD signals was estimated using the Hilbert transform 28, 38 . The Hilbert transform expresses a given signal x as x(t) = A(t)*cos(θ(t)), where A is the time-varying amplitude and θ is the time-varying phase (see Figure 1B left). Given the BOLD phases, we computed a dynamic FC matrix (dFC, with size NxNxT) based on BOLD phase coherence where each entry dFC(n,p,t) captures the degree of synchronization between areas n and p at time t, given by the following equation:
, , = ( , − , ), with n,p = 1,…,N.
To characterize the evolution of the dFC matrix over time with reduced dimensionality, we considered only its leading eigenvector, V 1 (t), which is a Nx1 vector that captures, at time t,
the projection of the BOLD phase in each brain area into the main orientation of BOLD phases over all areas ( Figure 1B , second panel from the left). When all elements of V 1 (t) have the same sign, all BOLD phases project in the same direction with respect to the orientation determined by V 1 (t). If instead the first eigenvector V 1 (t) has elements of different signs (i.e., positive and negative), the BOLD signals project into different directions with respect to the leading eigenvector, which naturally divides the brain into distinct modes (colored in red and blue in Figure 1B second panel from the left). Previous studies using LEiDA have shown that the subset of brain areas whose BOLD signals appear temporally phase-shifted from the main BOLD signal orientation reveal meaningful functional brain networks [28] [29] [30] [31] .
Recurrent FC Substates
In this work, we aimed to investigate the existence of specific patterns of functional connectivity, or FC substates, associated with musical creativity. To do so, we first searched for recurrent connectivity patterns emerging in each of the four experimental conditions, and compared their probabilities of occurrence to a common resting-state baseline. Recurrent connectivity patterns, or substates, were detected by applying a k-means clustering algorithm to the set of leading eigenvectors, V 1 (t), associated to the fMRI volumes acquired during each condition over all participants, as well as the fMRI volumes recorded during a baseline period of 542 seconds (the same baseline was used for all 4 experimental conditions). The kmeans algorithm clusters the data into an optimal set of k clusters, where each cluster can be interpreted as a recurrent FC substate.
While resting-state fMRI studies have revealed the existence of a reduced set of approximately 5 to 10 functional networks that recurrently and consistently emerge during rest across participants and recording sites 28, [39] [40] [41] , the number of FC substates emerging in brain activity during a task is undetermined, and depends on the level of precision allowed by the spatial and temporal scales of the recordings. In the current study, we did not aim to determine the optimal number of recurrent FC substates detected in a given condition, but instead to detect FC substates whose probability of occurrence was significantly modified by the experimental condition with respect to the baseline. In that direction, we ran the k-means algorithm varying k from 3 to 15 and, for each k, statistically compared the occurrence of the resulting FC substates between the resting-state baseline and the four experimental conditions.
Probability of Occurrence
Recurrent substates were compared in terms of their probabilities of occurrence in both modes of improvisation (by melody and freely) with respect to their probabilities of occurrence during the resting-state baseline, using a permutation-based paired t-test to assess the statistical differences. The significant thresholds were corrected to account for multiple comparisons as 0.05/k, where k is the number of substates (or independent hypothesis) tested in each partition model [29] [30] [31] .
Comparison with resting-state networks
We used the large-scale resting-state networks 
Results
In this study, we investigated the dynamic nature of the jazz musician's brain while improvising by melody and freely, by characterising the most recurrent patterns of wholebrain functional connectivity arising during the six minutes of each condition.
Detection of the Substates
The repertoire of metastable substates depends upon the number of clusters determined by the k-means clustering algorithm, where higher number of clusters usually results in less frequent and more fine-grained substates 31 . In this study, we did not aim to determine the optimal number of substates but rather to search for the substates, which significantly and recurrently characterize musical improvisation, using resting-state as a baseline. Figure 2 illustrates the pvalues obtained from a permutation-based comparison between-conditions in terms of probability and duration (lifetimes) of the substates for each clustering model. We selected the partition into five (k=5) FC substates, as it returned five FC substates where highly significant differences were found both in terms of probability of occurrence and lifetime between the three conditions ( Figure 2 ). The partition into five substates is in accordance with the literature, where 5 to 10 functional networks emerge during rest 28, 40 .
Statistical significance in terms of probabilities of occurrence and lifetimes is corrected for false positives using a Bonferroni correction.
Repertoire of recurrent FC substates
In line with previous studies using LEiDA [28] [29] [30] [31] , the most probable state of BOLD phase coherence is a global substate, where all BOLD signal are synchronized. The remaining four recurrent substates were found to overlap with typical RSNs reported in the literature 41, 42 .
Probabilities of occurrence -what is special about improvisation?
We found a recurrent substate, substate 3, with significantly higher probability of occurrence, and longer duration (lifetime) for iFreely compared to iMelody, and for iFreely compared to rest ( Figure 3 ). This FC substate includes the bilateral: ventromedial prefrontal cortex (Figure 3 ).
Brain substate-switching probabilties in Jazz Improvisation
We explored the transition profiles between substates for the selected partition model (k=5), by calculating the probability of being in a given substate and transitioning to any other substates. In figure 4 -A, we show the differences of switching probabilities for both modes of improvisation in a matrix and respective (threshold of 25%) chord diagram. Figure   4 -B illustrates the trends of directionality for each mode of improvisation (i.e. within-task),
i.e. the tendency for a preferred (>10%) transition direction between pairs of substates. Figure   4 -C reveals the most significantly differences in probability of transition between modes of improvisation (i.e. between-task). Differences in probabilities of switching between conditions were statistically assessed using a permutation-based paired t-test with Bonferroni correction (p-corrected<0.05). We highlight the existence of three significant group differences in the probability of substate transitioning between iMelody and iFreely. The transitions from substate 3 to the 'global' substate 1 and substate 5 to substate 3, were found to have significantly higher probability of switching in iFreely. On the other hand, our results reveal that iMelody is characterized by a significantly higher probability of switching from substate 5 to substate 2. 
Discussion
The present study investigated the whole-brain dynamics underlying musical improvisation in a group of jazz pianists. A novel analytic method -LEiDA -was used to estimate the metastable brain substates (i.e. recurrent patterns of brain functional connectivity) in which the brain is characterized during two types of musical improvisation: freely and by melody, as well as at rest. Our dynamic analyses show a recurrent substate -"improvisation mode"characterised by a significantly higher probability of occurrence and duration in iFreely, when compared to iMelody (as well as rest). This substate comprises areas of the dorsal default mode (DMN), the left executive control (ECN), the anterior salience (SN), language, and precuneus networks. Our results also suggest that iFreely, a more free mode of improvisation, involves processes closely linked to core features of creativity, such as generating and evaluating creative ideas, predicting and monitoring sensory input, and syntactic processing through linguistic mechanisms.
In sum, jazz improvisation relies strongly on the use of multiple brain substates (each, represented by a network combining multiple fundamental brain mechanisms), recursively, when they improvise in order to create music, which is novel, surprising, aesthetically balanced and emotionally rewarding. Moreover, we provide the first comprehensive characterization of the FC brain networks involved in musical creativity, as well as the changes in their dynamic fingerprint (i.e. probability of occurrence and switching transitions) compared to the resting-state (our baseline condition).
Here, we describe our findings in terms of the differences in dynamic structure, by first characterizing the five brain substates that best describe both rest and the two modes of musical improvisation, second, by exploring the probability of occurrence of these substates, and third, by assessing the switching profiles between substates. Lastly, we muse upon how the concordance in brain activity between both modes of improvisation reflects upon domaingeneral processes of creativity.
We selected the model reflecting five functional substates, as it suggested significant differences in the probability of occurrence and switching probabilities between the three conditions of interest. Our partition model of five substates is in accordance with the literature, where 5 to 10 functional networks emerge during rest 28, 40 . Our results revealed, in line with previous studies using LEiDA [28] [29] [30] [31] , a global substate (substate 1), but also other four recurrent substates which overlap with RSNs reported in the literature 41, 42 . These four recurrent substates reflect: reward and predictions (substate 2), a complex array of functions that support improvisation and creativity more generally -"improvisation mode" -in substate 3, an auditory and sensorimotor network in substate 4, and a visual networkplanning -in substate 5.
Our dynamic analysis revealed that substate 3 had a significantly higher probability of occurrence, and duration, for iFreely compared to iMelody (and compared to rest). This These results are in line with previous research, where DMN (responsible for spontaneous and self-generated thought) and ECN (responsible for cognitive control in more goal-directed cognitive processes) are shown to cooperate in order to generate and evaluate ideas during the creative process 26, 27 . The iFreely condition corresponds closely to the unconstrained improvisation performed by jazz musicians in a natural playing situation, whereas the iMelody leads to more constrained improvisation indicating more convergent thinking. The coupling of DMN with ECN has been suggested to cooperate during creativity tasks (divergent thinking tasks and improvisation) 2, 26 , and this coupling together with perceptual and action initiation from auditory-motor regions are believed to be responsible for implementing the different steps involved in musical creation 15 . The salience network has also been suggested to play a role in coordinating the interplay of these two networks (DMN-ECN) in order to identify candidate ideas during idea creation 43 .
The medial PFC has been associated with autobiographical narrative 44 , self-generated actions, internally-focused attention, internally motivated behaviour 3, 45 , episodic past and future thinking 46 and self-referential processing 47 . The medial PFC has thus been suggested to play a role in coordinating and expressing internally-motivated behaviours 3 , as well as retrieval of episodic processes in creativity 48 . The ACC has also been found to be active in improvisation studies 49, 50 and is suggested to play a key role in voluntary selection and decision making during the production of music in real-time. Berkowitz and Erkkinen have also suggested that the ACC may be important for error detection and monitoring errors in the predictions made 18 . The middle temporal gyrus, has been suggested to be related to novel association, and access and storage of conceptual knowledge 46, 51 . Resting-state studies have found increases of functional connectivity between medial PFC and the middle temporal gyrus 44 , and between the medial PFC and the PCC 52 to be associated with creativity. The authors suggested that these increases might help facilitate the generation of novel ideas and memory retrieval.
Interestingly, the left IFG, one of the most important language regions, also known to be involved in lexical selection and controlled retrieval of conceptual knowledge 53 , has been found active in different studies of improvisation 3, 27, 49, 50, [54] [55] [56] [57] . It has been suggested to play different roles in music improvisation, such as involvement in the generation of novel musical phrases 50 , the generation and selection of motor sequences 49 , syntactic processing of music and speech 54 and in the generation and evaluation of candidate ideas from memory retrieval 2, 18 . The angular gyrus has been related to states of defocused attention, mind-wandering, and memory retrieval, and its function in improvisation may be related with classifying the stimuli as predicted. Limbic regions are also found to be involved in improvisation, potentially reflecting the need for improvised music to remain emotionally compatible with preceding musical elements, and perhaps also due to the musician's emotional investment in the process of improvisation.
In sum, the regions belonging to substate 3 describe an interaction between different cognitive processes such as idea generation (where attention, memory retrieval and mindwandering are needed), selection, production, evaluation and reward, which may reflect the increased spontaneous creative processing. We found this substate to have a significantly higher probability of occurrence in iFreely than in iMelody, which shows that different improvisational strategies may rely upon different cognitive process. Melodic improvisation involves a goal-specific task of arranging the notes in a certain order trying to create a new melody that bears resemblance to the original, in this case a known musical song (DWR).
However, the free improvisation on a chord scheme allows for the use of a larger repertoire of melodic and rhythmic material. The constellation of brain regions in this network linked to free improvisation strengthens evidence for the model of improvisation proposed by Pressing,
where improvisation is described to be a dynamic interplay of generation, evaluation and execution of novel motor sequences 58 .
The bilateral superior, medial, and middle orbitofrontal cortex, the pallidum and the left olfactory cortex comprise substate 2. These regions cluster bilaterally around the orbitofrontal cortex, a region known to be involved as a nexus for sensory integration, predictionmonitoring, and reward 59 . Both visual and auditory information projects to the orbitofrontal cortex, via the superior temporal sulcus and the temporal pole, and is then projected back to regions including the amygdala, anterior cingulate cortex, and basal ganglia 60 . The connectivity of substate 2 therefore leaves it in an important position for integrating the sensory features of incoming musical stimuli, and the rewarding elements of improvisationboth monitoring and predicting the reward value of musical features, and subjective enjoyment.
In addition to the differences found in terms of probabilities of occurrence between the two modes of improvisation (substate 2 and 3), differences in the switching profiles between improvisations were also found in substate 5. Substate 5 is a network encompassing bilateral calcarine fissure, cuneus, lingual gyrus, inferior, medial and superior occipital gyrus, and fusiform gyrus. The gray matter density of posterior regions has previously been associated with divergent thinking and creativity 60, 61 . Regions such as the lingual gyrus and precuneus have been linked to the generation of novel associations, necessary for creative thought 62 .
Occipital networks support visual mental imagery 63 , which may be active during musical improvisation due to the visualisation of melodic and harmonic structures involved in planning what to play 64 . This sensory network parallels the auditory and sensorimotor network that are included in substate 4 and is to be expected in tasks of a musical nature.
Analysis of the similarities and differences in trends of directionality between iFreely and iMelody, reveals that for iMelody, substate 5 has a significantly higher probability of transitioning to substate 2, whereas for iFreely substate 5 has a higher probability of going to substate 3. This means that a substate of planning and imagery is more often followed by a substate that involves reward processing, when you are improvising on the melody. For listeners, music which is easily sung is more likely to rouse affect and create pleasure than instrumental music 65 . Hence, for improvising with the goal of creating a melody, it appears that our brains need to draw on similar emotional resources to those of the listeners. In comparison, the iFreely condition yields improvisations, which are less easily sung, but on the other hand allows for more creative ideas to emerge. In this condition, the planning substate is more often followed by substate 3 ("the improvisation mode"), a network which has been associated with divergent thinking tasks, hence a core network for creativity. Studies in domain-general creativity have shown the involvement of the visual network 61, 66 . Its involvement may explain the fact that many musicians self-report the use of musical imagery to be necessary to plan and execute their performance 67 .
Furthermore, for the iFreely condition, the substate 3 is more often followed by the global state (substate 1). This is also reflected in the probabilities of occurrence, with iFreely spending more time in the "improvisation mode" and the global substate, and iMelody spending more time within substates 2 and 4, associated with listening and reward ( Figure 3 ).
The improvising brain may, in the case of iFreely, have to spend longer within the improvising mode, only being distracted by direct deviations to and from the global state, in order to complete the task successfully.
As Boden 22 suggests, creativity is a delicate balance between unpredictability and constraints, familiarity and surprise, with the end-point being an original output, which is both aesthetically and emotionally rewarding. As such, real-time musical creativity, such as jazz improvisation, requires a constant retrieval of prior knowledge and anticipation of both predictable and unpredictable musical features and components, and the ability to generate auditory-motor sequences 1 . Substate 3 therefore seems a fitting match for the creative process. In respect to creativity more generally, our results suggest that given the substantial overlap between duration of activity in substate 3 for both iFreely and iMelody, substate 3 appears to be a good candidate for a domain-general network supporting creativity. As previously suggested, iFreely may have higher prevalence of substate 3 due to greater demands upon the creative process. The switching profiles are also of great interest to an understanding of the creative process more generally, as it may elucidate the spatial and temporal sequence of the dynamic processes (i.e. brain substates, or functional sub-networks), which compose the neural harmony underlying creativity.
A limitation in this study is that we can but make inferences about domain-general creativity.
Future studies will need to compare improvisation in different modalities -perhaps verbal (divergent thinking), auditory (music), visual (art), and kinaesthetic (dance) to confirm whether the network herein does indeed support domain-general creativity. For future work in this area, we would suggest that extending this novel approach, LEiDA, to parcellation schemes with a higher number of areas than AAL, for example to Shen and colleagues' 68 or
Glasser and colleagues' 69 parcellation schemes, could also reveal more fine-grained substates.
In summary, this study provides a novel approach to studying the brain dynamics of musical creativity. Jazz improvisation reflects a complex and multifaceted set of cognitive processes that have correspondingly complex functional network dynamics. Here, we attempted for the first time to unravel the dynamic neural cognitive processes involved in musical improvisation over time. We found that improvising on the melody and improvising freely on a harmonic progression shared a common fingerprint of brain substates underlying the process of musical creation. However, the act of improvising more freely was characterized by the brain spending more time within the improvising mode and global substate compared to improvisation under melodic constraints. This may reflect functions such as generating and evaluating creative ideas, predicting and monitoring sensory input, and syntactic processing through linguistic mechanisms. In comparison, melodic improvisation was linked to the functional role of auditory and reward networks. These results show the benefit of using novel methods and musical paradigms to investigate the large-scale brain mechanisms involved in the complex process of musical creativity.
